Background: Knowledge of the evolution of BMI and skeletal muscle index (SMI) measurements during advanced cancer and their relationships with disease progression (PD) is relevant to improve the timing of interventions that may improve cachexia-associated outcomes. Objectives: We investigated BMI and SMI trajectories and their associations with PD in metastatic colorectal cancer (mCRC) patients during consecutive palliative systemic regimens. Methods: In a secondary analysis of the primary CAIRO3 trial, we included 533 mCRC patients with BMI measurements repeated every 3 wk and 95 randomly selected patients with SMI measurements repeated every 9 wk. We studied 2 periods: p1, during first-line maintenance capecitabine + bevacizumab or observation until the first progression of disease (PD1); and p2, during capecitabine + oxaliplatin + bevacizumab or another reintroduction treatment from PD1 until the second progression of disease (PD2). BMI and SMI trajectories were modeled separately throughout both periods, and joint longitudinal-survival modeling was used to investigate the relationships between slopes in BMI and SMI with PD at 9 and 3 wk pre-PD. A multivariate longitudinal joint model was used to investigate the association between the BMI trajectory and PD at time of PD, independent of SMI. Results: During p1, the slopes in BMI and SMI were associated with early PD1 [HRs for 9-wk BMI: 1.54 (95% CI: 1.33, 1.76); 9-wk SMI: 1.38 (95% CI: 0.87, 1.89), NS; 3-wk BMI: 1.74 (95% CI: 1.48, 1.99); 3-wk SMI: 2.65 (95% CI: 1.97, 3.32)]. During p2, only the slope in SMI was related to PD2 [9-wk BMI: 1.09 (95%: CI: 0.73, 1.45), NS; 9-wk SMI: 1.64 (95% CI: 1.25, 2.04); 3-wk BMI: 1.17 (95% CI: 0.77, 1.57); 3-wk SMI: 1.11 (95% CI: 0.70, 1.53)]. In models mutually adjusting for BMI and SMI, SMI was associated with PD in p1 [p1 ( n = 95), HR BMI: 1.32 (95% CI: 0.74, 2.39), NS; p1, HR SMI: 1.50 (95% CI: 1.04, 2.14); p2 ( n = 50), BMI: 0.98 (95% CI: 0.55, 1.75), NS; p2, HR SMI: 1.11 (95% CI: 0.61, 2.05), NS]. Conclusions: In mCRC patients during palliative systemic treatment, SMI losses, irrespective of BMI losses, may be a marker for the early initiation of cachexia interventions.
Introduction
Cancer cachexia is a metabolic disorder that occurs in up to 50-80% of metastatic cancer patients (1) (2) (3) . It is driven by a negative protein and energy balance, due to a variable combination of reduced food intake and abnormal metabolism, induced by the tumor and oncologic treatment (2) . The progressive worsening of metabolic abnormalities will lead to involuntary, progressive weight loss; a reduced quality of life; poor treatment tolerance and response; and, eventually, death (4) .
Despite the long recognition of the clinical consequences of cachexia, prevention, early identification, and treatment remain challenging (4, 5) . Cachexia is obvious in its (very) advanced phase, due to the gross losses of muscle and fat, but at that point the opportunity for successful rehabilitation has long passed (4) . Recent results have shown that advanced cancer patients may have an exploitable anabolic potential prior to reaching the refractory phase of cachexia, thereby creating a strong rationale for the early implementation of cachexia interventions (6, 7) . However, due to the lack of diagnostic criteria for its early stages, clinicians have continued to focus on weight loss alone. Weight loss is a crude assessment of fat and muscle mass loss, and does FIGURE 1 Study design and statistical analyses. 1 Slopes in BMI and SMI were determined by using joint longitudinal survival models and, throughout the manuscript, are presented as hazard ratios for disease progression per each unit of BMI or SMI loss per month. Mixed models contained a random intercept and slope per patient, and fixed effects were sex and treatment (i.e., CAP-B vs observation during p1 or CAPOX-B vs other reintroduction treatment during p2). The Cox models were adjusted for sex, age, lactate dehydrogenase level, treatment (CAP-B vs observation in both p1 and p2), and WHO performance status. 2 During CAIRO3 and after first progression of disease, patients were to receive the same treatment as the initial treatment given before CAIRO3 randomization (i.e., CAPOX-B). In cases of persisting neuropathy at grade 2 or higher, or any other reason preventing the reintroduction of CAPOX, the reintroduction treatment was chosen at the discretion of the treating physician. CAP-B, capecitabine + bevacizumab; CAPOX-B; capecitabine + oxaliplatin + bevacizumab; Obs, observation; p1, period 1; p2, period 2; PD, disease progression; R, randomization; SMI, skeletal muscle index. not reflect detailed body composition changes (8, 9) . It is now becoming increasingly clear that skeletal muscle index (SMI) losses may be a key element of weight loss that is associated with poor outcomes (3, (8) (9) (10) . SMI losses can occur in the absence of weight losses, at least during early stages of advanced cancer and cachexia, and may therefore be a key element in the identification of early protein energy malnutrition disorders. The presence of protein energy malnutrition in early-stage cachexia could support the initiation of earlier cachexia interventions (3, 5, 6) .
The need to investigate BMI and SMI losses or gains over the disease trajectory in more detail, in order to help diagnose the early and possible reversible cachexia phases, has been underlined in several recent publications (4) (5) (6) . Previous studies found that oncologic treatment and cancer progression may have impacts on both BMI and SMI losses, but at what time and to what extent are currently unknown (6, 11, 12) . Here, we investigated how the detailed trajectory of BMI and SMI changes were associated with disease progression in a cohort of metastatic colorectal cancer (mCRC) patients who were treated with different consecutive treatment strategies as part of a Phase III randomized study (13) . We hypothesized that a SMI loss, and not a BMI loss, typically precedes progressive disease. We used serial BMI measures, acquired every 3 weeks during 2 consecutive palliative systemic treatment periods, and used computed tomography (CT) scans, repeated every 9 weeks, to measure SMIs. Finally, in patients with both BMI and SMI measures, we examined the relationship between the BMI trajectory and disease progression, independent of SMI.
Methods

Patients
This is a secondary analysis of the already finished randomized Phase III CAIRO3 trial (13) . In CAIRO3, 557 previously untreated mCRC patients with stable disease or better after 6 cycles of capecitabine + oxaliplatin + bevacizumab (CAPOX-B) were randomized to observation or to maintenance treatment with capecitabine + bevacizumab (CAP-B; Figure 1 ). Upon their first disease progression (PD1), patients received a reintroduction treatment with CAPOX-B or, if not feasible (e.g., due to persisting neuropathy), any other treatment until the second disease progression (PD2). Other eligibility criteria for CAIRO3 participation included an age ≥18 years, histological proof of colorectal cancer, and a WHO performance status ≤1 (on a scale of 0 to 4). For this analysis, we included patients for whom BMI or SMI measures were available during 2 consecutive treatment periods: that is, during CAP-B or observation (p1) or during CAPOX-B or another reintroduction treatment (p2).
Determinant: BMI measurements
Patients' heights and body weights (at the start of every cycle of systemic treatment) were measured as part of the daily clinical practice to determine the appropriate dose of systemic treatment (i.e., by calculating the body surface area). Height was measured at the time of CAIRO3 randomization and body weight was measured every 3 weeks at the start of every cycle of systemic treatment during the maintenance and observation treatments; during CAPOX-B reintroduction treatment, BMI was calculated as body weight divided by height in meters squared.
Determinant: muscle mass measurements
Due to feasibility, we collected the 9-weekly repeated CT scans of patients from the 7 hospitals that had the highest accruals in CAIRO3. SMI measurements were performed by 2 trained analysts (SAK and MJO) using a software tool (Slice-o-matic, version 5.0; Tomovision). A single slice evaluation method at the third vertebral level (L3) and thresholds for Hounsfield units (−29 to 150) were used to identify and quantify the skeletal muscle area at the L3 level (14, 15) . The skeletal muscle area at the L3 level has been proven to highly correlate with the total body skeletal muscle mass (r 2 = 0.86) (14) and with poor clinical outcomes, including survival, treatment-related toxicities, and a reduced quality of life (16) (17) (18) . The SMI was calculated by the skeletal muscle area at L3 in cm 2 , divided by the patient's height in m 2 (19) .
Outcome measures
Survival times were calculated from the start of each time interval. The primary outcome measures were PD1 within 1 year and PD2 within 9 months.
Statistical analysis
All analyses were carried out using R, version 3.5.1. To gain visual insight into the BMI and SMI trajectories over time during p1 and p2, the individual patient trajectories and the group means with 95% CI bands were plotted [ggplot2 package (20) ; Figure 2 ]. The trajectories are displayed separately for patients with available BMI measures, or with available SMI measures, and for those who reached the endpoint or who were censored. The time scales were adjusted to each patient's time to disease progression by setting the time of disease progression to 0 and calculating the number of days between the CT scans and disease progression.
To investigate the relationships of BMI and SMI trajectories over time with disease progression during p1 and p2, we used joint modeling. In this approach, longitudinal and survival data are combined, taking into account the dependence of longitudinal data and time-to-event data (21) . Thereby, it becomes possible to study how the longitudinal trajectory of a biomarker relates to the time-to-event outcome, while taking into account the unbalanced follow-up times and any biological variation in the longitudinal biomarker trajectory of interest (21) . In addition, a joint model reliably estimates the risk of the event, given a specific biomarker trajectory independent of prognostic factors that have an effect on both the biomarker and the event of interest (21) .
Separate models for BMI and SMI trajectories were performed. For the longitudinal analysis (i.e., the individual BMI and SMI trajectories over time), we used a mixed-effects model [LME4 package (22) ]. We included the baseline values of BMIs and SMIs in the outcome vector (23) . To account for the betweenpatient heterogeneity in trajectories, a random intercept and slope was added for each patient. The follow-up time was calculated from the start of the 2 treatment periods (i.e., randomization or PD1). Since only a small number of patients had follow-up times that exceeded 1 year during p1 and 9 months during p2, we defined these 2 time points as the end of follow-up for the respective periods. To take into account the non-linear changes in BMIs and SMIs over time, follow-up times were modeled using natural cubic splines with 3 knots, which-compared to the model with linear time-increased the model fit, as indicated by the Akaike Information Criterion. Sex and treatment (CAP-B vs observation during p1 or CAPOX-B vs other reintroduction treatment during p2) were added to the model as fixed effects. To test whether BMI and SMI changes over time varied between the different treatments, we tested the treatment x time interaction. This increased the model fit, but led to convergence issues in the joint models and, therefore, was not included in the final models.
The relationships between BMI and SMI trajectories and disease progression were investigated by combining the mixedeffect models with Cox proportional hazard models (JM package) (24) . In the Cox models, the event of interest for p1 was PD1 within 1 year and the event of interest for p2 was PD2 within 9 months. The Cox models were adjusted for the following potential confounders: sex (male/female), age (continuous), lactate dehydrogenase level (normal/elevated), treatment (CAP-B vs observation), and WHO performance status (0/1). The BMI and SMI trajectories were modeled throughout each period. We investigated the relationships between absolute levels and slopes of BMIs and SMIs at 9 and 3 weeks before progressive disease, using lag functions ( Figure 1 ). These time points were chosen because they represent the time points in which the CT scans or BMI assessments preceding progressive disease were acquired. Survival estimates for absolute BMIs and SMIs are presented as HRs per each unit lower in BMI or SMI, and slopes in BMIs and SMIs are presented as HRs per each unit BMI or SMI loss per month, all with 95% CIs.
Finally, to investigate the relationships between both BMI and SMI trajectories and disease progression, we repeated the analysis with models mutually adjusting the BMI trajectory and SMI trajectory for each other (multivariate mixed models and joint model Bayes; JMbayes package) (25) . Since the lag function was not available for the JMbayes package, the relationships between SMI and BMI trajectories and disease progression were only investigated at the time of disease progression.
Results
Of the 557 CAIRO3 patients, 533 (96%) were included, with a total of 6549 BMI measures during the follow-up period. Of 104 CAIRO3 patients from the hospitals with the highest CAIRO3 recruitments, 95 patients had a total of 854 CT scans evaluable for SMI measures (Figure 1 ). The patient and treatment characteristics of the included patients are described in Table 1 . No clinically meaningful differences in characteristics were found between the 4 patient groups for whom BMI data were available [at start p1 (n = 533) or at start p2 (n = 340)] or for whom SMI data were available [at start p1 (n = 95) and at start p2 (n = 79)]. In addition no clinically meaningful differences were found between patients included in this analysis and the total group of CAIRO3 patients (data not shown). Figure 2 shows the BMI and SMI trajectories during p1 and p2. During both periods, large variations in BMIs and SMIs across patients were observed. Fluctuations in BMIs and SMIs over time were detected in all patients, but appeared more pronounced in the SMI trajectories, compared to the BMI trajectories. Furthermore, the BMI trajectories remained relatively stable during both periods, while for the SMI trajectories, there was a general increase over time during p1 and a general decrease during p2. The longitudinal BMI and SMI trajectories across patients that experienced progression/were censored during p1 (i.e., during CAP-B and observation). BMI trajectories, irrespective of reaching the endpoint within 1 year or not, did not show great fluctuations over time. Also, SMI levels in patients who were censored and did not reach the endpoint remained relatively stable, with a slight increasing tendency over time. By contrast, in patients who experienced an event, SMI levels showed a decrease as they got closer to the event. (A) The 95% CI bar is smaller than the broad black solid line and, therefore, not clearly visible in the Figure. (C, D, G, and H) The longitudinal SMI and BMI trajectories across patients that experienced progression/were censored during p2 (i.e., during CAPOX-B or other reintroduction treatment). Again, BMI levels, irrespective of reaching the endpoint within 9 months or not, remained relatively stable over time. Also, SMI levels in patients who were censored and did not reach the endpoint remained relatively stable, with a slight decreasing tendency over time, whereas in patients who experienced an event, SMI levels showed a decrease as they got closer to the event. CAP-B, capecitabine + bevacizumab; CAPOX-B; capecitabine + oxaliplatin + bevacizumab; PD1, first disease progression; PD2, second disease progression; p1, period 1; p2, period 2; SMI, skeletal muscle index. 1 Data are shown at start of 2 treatment periods for the BMI and the SMI groups. Data are shown as n (%) unless otherwise noted. CAP-B, capecitabine + bevacizumab; CAPOX-B; capecitabine + oxaliplatin + bevacizumab; NA, not applicable; PD1, first disease progression; PD2, second disease progression; p1, period 1; p2, period 2; SMI, skeletal muscle index. 2 Was only determined in the group of patients with available computed tomography scans. 3 Sarcopenia was defined as SMIs of <43 cm 2 /m 2 for males with a BMI <25 cm 2 /m 2 , <53 cm 2 /m 2 for males with a BMI ≥25 cm 2 /m 2 , and <41 cm 2 /m 2 for females (9).
BMI and SMI trajectories over time
The BMI trajectories over time were comparable between patients who did and did not reach the endpoint of progressive disease. In contrast, the SMI trajectories during p1 displayed a decrease preceding the endpoint in patients who experienced PD1 within 1 year, and were relatively stable, on average, in patients who did not reach the endpoint within 1 year. During p2, the SMI levels of patients who reached the endpoint of PD2 within 9 months decreased more steeply preceding the endpoint, and remained relatively stable in patients who did not experience PD2 within 9 months. Table 2 shows the regression estimates of the joint model analysis. During p1, 79% of patients experienced disease progression within 1 year, with a median time to PD1 of 174 days (range 12-365 days). The absolute BMI was not related to a higher risk of early PD1 [HR per each unit BMI lower at 9 weeks pre-PD1 1.00 (95% CI: 0.98-1.03), NS; HR per each unit BMI lower at 3 weeks pre-PD1 1.00 (0.98-1.03), NS]. The slope in BMIs preceding PD1 showed a statistically significantly higher risk of early PD1 [HR per unit BMI loss/month at 9 weeks pre-PD1 1.54 (95% CI: 1.33-1.76); HR per unit BMI loss/month at 3 weeks pre-PD1 1.74 (95% CI: 1.48-1.99)].
BMI trajectory and disease progression
During p2, 340 patients with available BMI measures were included, of which 73% experienced disease progression within 9 months and the median time to PD2 was 192 days (range 20-270). Neither the absolute BMI nor the slope in BMI was related to PD2 [HR per each unit BMI lower at 9 weeks pre-PD2 1.03 (95% CI: 1.00-1.06); HR per each unit BMI lower at 3 weeks pre-PD2 1.03 (95% CI: 1.00-1.06); HR per unit BMI loss at 9 weeks pre-PD2 1.09 (95% CI: 0.73-1.45), NS; HR per unit BMI loss at 3 weeks pre-PD2 1.17 (95% CI: 0.77-1.57), NS].
SMI trajectory and disease progression
In the patients with available SMI measures during p1 (n = 95), 77% experienced disease progression within 1 year, with a median time to PD1 of 175 days (range 32-270). The absolute SMI was not related to early PD1 [HR per each unit SMI lower at 9 weeks pre-PD1 0.99 (95% CI: 0.96-1.02), NS; HR per each unit SMI lower at 3 weeks pre-PD1 0.99 (95% CI: 0.96-1.02), NS]. The slope in SMI at 9 weeks was non-significantly associated with a higher risk of early PD1 and the slope in SMI at 3 weeks preceding PD1 was significantly associated with a higher risk of early PD1 (HR per unit SMI loss/month at 9 weeks pre-PD1 1.38 (95% CI: 0.87-1.89), NS; HR per unit SMI loss/month at 3 weeks pre-PD1 2.65 (95% CI: 1.97-3.32)].
During p2, in patients with available SMI measures, 73% of patients experienced disease progression within 9 months and the median time to PD2 was 197 days (range 19-270). The absolute SMI and the slope in SMI were statistically significantly related to PD2 at 9 weeks, and at 3 weeks pre-PD2 only the absolute SMI was related to PD2 [HR per each unit SMI lower at 9 weeks pre-PD2 1.01 (95% CI: 1.01-1.03); HR per each unit SMI lower at 3 weeks pre-PD2 1.00 (95% CI: 1.00-1.02); HR per unit SMI loss/month at 9 weeks pre-PD2 1.64 (95% CI: 1.25-2.04); HR per unit SMI loss/month at 3 weeks pre-PD2 1.11 (95% CI: 0.70-1.53), NS].
BMI and SMI trajectories
In the sample of patients with BMI and SMI measures (p1 n = 95 patients; p2 n = 50 patients), the BMI trajectory was not associated with PD, independently of the SMI trajectory, during either treatment period [HR slope in BMI during p1, 1.32 (95% CI: 0.74-2.39), NS; HR slope in BMI during p2, 0.98 (95% CI: 0.55-1.75), NS]. In contrast, the slope in SMI, independent of the BMI trajectory, was significantly associated with PD1 during p1 [HR slope in SMI 1.50 (95% CI: 1.04-2.14)] and nonsignificantly associated with PD2 during p2 [HR slope in SMI 1.11 (95% CI: 0.61-2.05), NS].
Discussion
In this study, we examined the trajectories of BMIs and SMIs over time, and their relationships with PD in mCRC patients receiving consecutive palliative systemic treatments of different intensities. During less intensive treatment with CAP-B or observation, both the slopes of BMIs and SMIs were significantly related to early PD. However, after mutual adjustment, only SMI remained significant. During more intensive CAPOX-B or other reintroduction treatments, the absolute SMI and slope in SMI (at 9 weeks pre-PD), but not the absolute BMI or slope in BMI, were significantly associated with shorter times to PD2. After mutual adjustment, the association between the SMI slope and PD2 was attenuated, although non-significantly, and the association disappeared for the BMI slope. This indicates that an SMI loss, irrespective of a body weight loss, is important in the relationship with PD.
In previous studies, it was observed that BMI or SMI losses at the start of or during treatment were associated with early PD (6, 9, 11, 16, 17) . In contrast to our study, most of these studies did not use >2 repeated measures over time, which may have decreased their predictive values. Measuring BMI or SMI changes between 2 time points implies a linear change over time, whereas these changes may follow a more complex pattern.
This pattern might be of specific interest when determining the relationships between BMI and SMI changes and PD (26) . Indeed, our data indicate that neither BMI nor SMI losses are linear processes, and that accelerations-especially of SMI losses (although non-significantly on some time points)-during both treatment periods typically precede PD. This was observed during 2 periods in which palliative, systemic treatments with different intensities were administered.
Our findings provide important information for use in defining cachexia stages and cachexia treatment strategies. Cachexia can develop progressively through various stages: from pre-cachexia to cachexia to refractory cachexia. The identification of the different stages is relevant because of the potential reversibility of cachexia during the early stages, while during later stages the consequences of extensive tumor burdens and catabolism may outweigh potential benefits from cachexia treatments (2) . The cachexia and refractory cachexia stages can be classified according to the degree of absolute BMI depletion, combined with the degree of ongoing weight loss and muscularity (2, 4) . The pre-cachexia stage is defined by metabolic derangements (e.g., anorexia and impaired glucose tolerance), which precede substantial, involuntary weight loss (i.e., ≤5%) and are difficult to identify (4, 5) . It is becoming increasingly clear that the early metabolic changes in cachexia may specifically affect protein metabolism (and not fat metabolism), thereby affecting muscle mass, but not fat mass (5, 6) . Muscle mass loss, irrespective of weight loss, may therefore serve as a potential marker for the early detection of the pre-cachexia stage. Indeed, our data show that an SMI loss is the main aspect of weight loss that is associated with PD during first-line maintenance with CAP-B or observation. Also, during consecutive, more intensive CAPOX-B treatment, an SMI loss at 9 weeks pre-PD, but not a BMI loss, was associated with PD. Our data thereby supports the development or implementation of early interventions that aim to decrease or reverse SMI losses, with the aim of delaying or preventing cachexia progression and the associated poor clinical outcomes. This recommendation is in line with several previous studies, which have described that patients during the early course of metastatic disease may still have exploitable anabolic potential (6, 15, 27) . Furthermore, since eventually all patients will develop PD, our data also suggest that cachexia interventions may already be of value for patients who are responding to treatment, even if not necessarily losing SMI at that time, because it can be expected that they will (start to) lose SMI at the time of PD. This recommendation is further supported by the observation that SMI losses during treatment follow a non-linear process, which sometimes only occurs shortly preceding PD (e.g., during p1), emphasizing the difficulty of implementing cachexia interventions at the time of actual SMI losses.
Cachexia interventions include nutritional and exercise interventions. Meeting energy and protein requirements are key in obtaining relevant clinical effects (28) (29) (30) , but likely need to be combined with exercise, due to its essential role in restoring muscle depletion (31) .
The strengths of this study include the collection of extensive, repeated BMI and CT scan data throughout systemic treatments; the standardized assessment of PD; and the clinical trial context, which helped reduce confounding by treatment. Furthermore, we made use of the joint model approach. This statistical approach allowed us to include all longitudinal measurements of the variable of interest over time and explore heterogeneous patterns between individuals that would not have been identified by a Cox regression model with time-varying covariates. The trajectories in BMI and SMI were more accurately reflected than they would have been in methods that would have analyzed only the first and last measurements (21) , which contributed to more accurate estimates of their relationships with disease progression.
There are some limitations to our study. Firstly, the observational design of this study enabled the detection of associations, but did not allow for conclusions on causality. Residual confounding may have contributed to the observed results in our study. Secondly, we were only able to analyze SMI changes in a smaller sample of patients. This may have led to the absence of significant associations during p2. Thirdly, we were not able to investigate the relationships between the BMI and SMI trajectories and PD at 9 or 3 weeks before PD, but only at time of PD. This was because lag functions were not available in the JMbayes package. Finally, we did not have data on hospitalizations during CAIRO3 participation, which may have led to an underestimation of our results (e.g., when patients with long hospitalizations experienced more SMI losses and had a higher risk of early PD).
In conclusion, decreases in the BMI trajectories at 9 and 3 weeks pre-PD and in the SMI trajectory at 3 weeks pre-PD were associated with shorter times to PD in mCRC patients during maintenance CAP-B treatment or observation. SMIs and their trajectory (at 9 weeks pre-PD), but not BMIs or their trajectory, were associated with shorter times to PD during more intensive CAPOX-B or other reintroduction treatments. Independent of SMI losses, BMI losses were not associated with PD during either treatment period, while SMI losses were (although nonsignificantly during CAPOX-B treatment), indicating that the loss of SMI, irrespective of body weight loss, is important in the relationship with PD. These results indicate that serial SMI measurements may have the potential to identify those patients who are in early cachexia phases. These patients may benefit from the initiation of cachexia interventions, including nutritional interventions and physical exercise.
